ABSTRACT
Systematic review-Effectiveness of EMG use in pedicle screw placement for thoracic spinal deformities

STUDY RATIONALE AND CONTEXT
The correction of spinal deformity is a challenge for the spine surgeon. Although pedicle screw construct has been widely accepted as the choice of instrumentation for the correction of spinal deformities, some surgeons avoid using pedicle screws in the thoracic region for spinal deformities because of the rotation and unique anatomy of the thoracic spine that may lead to neural and vascular injury. Due to the potential risk of injury to neural and vascular structures, different methods (anatomical landmarks, intraoperative monitoring, etc) have been developed to guide the surgeon to increase the accuracy of pedicle screw placement [1] . Intraoperative electromyography (EMG) testing is a method used more frequently in the last decade. However, EMG monitoring is still in progress as is reflected in the variable results reported in the literature [2] . To our knowledge, no systematic review has been performed to evaluate intraoperative EMG for thoracic deformities. The primary purpose of this systematic review was to review the efficacy of intraoperative EMG monitoring in patients with thoracic deformity.
OBJECTIVES
For adolescent and adult patients undergoing pedicle screw placement for thoracic deformity, what are the diagnostic characteristics (ie, sensitivity, specificity, positive predictive value [PPV] , negative predictive value [NPV]) of using EMG to identify misplacement? For adolescent and adult patients undergoing pedicle screw placement for thoracic deformity, does intraoperative EMG reduce the rate of a new or worsening neurological event or pedicle wall breach compared with no EMG?
MATERIALS AND METHODS
Study design: Systematic review.
SAMpLING
Search: PubMed, Cochrane Collaboration Database and bibliographies of key articles.
Dates searched: 1970 to July 2011.
Common inclusion criteria for both questions: (1) Corrective surgery for deformity; (2) thoracic spine; (3) adults and adolescents; (4) EMG.
Inclusion criteria for question 1: (1) Reference standard: pedicle wall breach, violation, perforation, or penetration; new or worsening neurological deficit; (2) sensitivity, specificity, PPV, NPV.
Inclusion criteria for question 2:
(1) EMG versus no EMG; (2) pedicle wall breach; and (3) new or worsening neurological event.
Common exclusion criteria for both questions: (1) >20% of population including non-deformity (stenosis, trauma, fracture, degenerative conditions, tumor, and/or infection); (2) lumbar or cervical spine only; and (3) cadaver or non-human studies.
Exclusion criteria for question 1: (1) No reference standard; (2) no report of sensitivity, specificity, PPV, or NPV or lack of raw data to calculate these.
Exclusion criteria for question 2:
Lack of a no EMG control group. Analysis: (1) Diagnostic characteristics were reported if stated by authors; otherwise, they were calculated if the raw data was available; (2) rate of pedicle wall breach or new neurological events were reported from each manuscript or calculated from raw data; (3) data was pooled among studies and mean rates of pedicle wall breach or new neurological events and diagnostic characteristics were weighted by study sample size.
Overall strength of evidence: For evaluating the risk of bias in individual diagnostic studies, we rated the level of evidence using the rating scheme developed by the Oxford Centre for Evidence-based Medicine and used with modification by The Journal of Bone and Joint Surgery American. (A more detailed description can be found in the Web Appendix at www.aospine.org/ebsj.) After individual article evaluation, the overall body of evidence with respect to each key question was determined based on modified precepts outlined by the Grades of Recommendation Assessment, Development and Evaluation (GRADE) system.
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RESULTS
We identified eight studies [1, [3] [4] [5] [6] [7] [8] [9] meeting our inclusion criteria for question 1 (Fig 1) . All studies reported corrective surgery with the use of pedicle screw performed for thoracic deformity. Reported age populations varied as four studies involved adolescents only (n = 179) [4] [5] [6] 8] one study involved adults only (n= 7) [3] , two studies involved both adolescents and adults (n = 101) [1, 9] and one study did not report age of patients (n = 50) [7] . Studies varied in what they used as a threshold for indicating a high potential for medial pedicle wall breach. Five studies used a threshold level of <6 mA [1, 4, 5, 7, 8] , one used a level of <7 mA [9] ; one used a level of <12 mA [6] ; and one used a threshold of <15 mA [3] . There was not enough data available to evaluate diagnostic characteristics by threshold level. Details of each study are presented in Tables 1 and 2 . We did not identify any studies to answer our second study question evaluating complication rates during pedicle screw placement for thoracic spinal deformity comparing EMG monitoring with no EMG monitoring.
Rates of pedicle wall breach, medial pedicle wall breach, and new or worsening neurological event
• All eight studies [1, [3] [4] [5] [6] [7] [8] [9] reported if there was a pedicle wall breach. The mean pedicle wall breach rate was 11.6% (range, 0-53.4%).
• Seven studies [1, 3, 5, 6, 8, 9] reported if there was a medial pedicle wall breach. The mean medial pedicle wall breach rate was 5.6% (range, 0-16.5%).
• Seven of eight studies [1, 4, 5, [7] [8] [9] reported if there was a new or worsening neurological event. None of these studies reported a neurological event (0%).
Diagnostic characteristics
• All eight studies [1, [3] [4] [5] [6] [7] [8] [9] reported the sensitivity of identifying a pedicle wall breach. The weighted mean sensitivity was 55.0% across studies (range, 0-100%).
• Six studies [1, 3, [4] [5] [6] [7] reported the specificity. The weighted mean specificity was 82.1% across studies (range, 70.1-100%).
• Five studies [1, 3, 8] reported the PPV. The weighted mean PPV was 36.2% across studies (range, 21-100%).
• Six studies [1, 37] reported the NPV. The weighted mean NPV was 93.9% (range, 75-100%).
• The overall strength of evidence evaluating the diagnostic characteristics was low due to inconsistent findings between studies and uncertainty of the impact of false-negatives ( Table 3 ).
• The fairly low sensitivity may lead to a high falsenegative rate. It is unclear what the impact of falsenegatives would be since no neurological injuries were identified in the studies summarized.
• A higher specificity would suggest a fairly low falsepositive rate; however, the rates could be as high as 30%. If sudden changes in treatment are required in the absence of any adverse event, this could be considered a limitation of such testing.
• The overall strength of evidence for evaluating the efficacy of EMG compared with no EMG was insufficient because of literature shortage on this topic ( Table 3) .
DISCUSSION
• Intraoperative EMG monitoring for detection of pedicle wall violation has been favored over the last decade.
• The success of EMG depends on the electricity conductivity of the intraoperative environment which hinge on various factors. In addition, there is still no consensus on which technique and which muscles to use, especially for the upper thoracic region [6] .
• Our review showed that the weighted mean rate of a pedicle wall breach across studies was relatively low (11.6%). The 11.6% includes all four sides of the wall and the tip of the screw, which did not lead to clinically apparent complications in the studies reviewed. More serious medial wall breaches were even more rare (5.6%); however, this is still an alarming rate when considering the devastating complications that could occur as a result of a medial wall breach.
• Our review also showed that the sensitivity and PPV for identifying breaches using intraoperative EMG monitoring were relatively low (weighted means of 55% and 36.2%, respectively).
• The specificity and NPV were higher (82.1% and 93.9%, respectively).
• The overall strength of evidence evaluating the diagnostic characteristics was low due to inconsistent findings between studies and uncertainty of the impact of false-negatives.
• We recommend considering the use of intraoperative EMG-monitoring method based on available resources and personal experiences, but not based upon presentday literature, to help prevent potential complications caused by pedicle wall breaches; however, surgeons should keep in mind that false-positive results may lead to increased surgery time and increased blood loss. The surgeon should not depend solely on EMG since it can also give false-negative results. Other measures of identification should be used. Based on a <7 mA threshold: -Sensitivity = 100% -False-positive rate = 6%
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* EMG indicates electromyography; CT, computed tomography; PPV, positive predictive value; NPV, negative predictive value predictive value; NR, not reported; and N/A, not available. 
